Introduction
[2] It has been shown that the Samoan Islands and seamounts form a hot spot track with a systematic age progression of shield-stage volcanism, heading west from the hypothesized present-day hot spot location of Vailulu'u [Hart et al., 2000 . In this scenario, the submarine volcano Vailulu'u is the leading edge of volcanism related to a mantle plume and is thus presumed to be the youngest. Malumalu seamount is at the eastern end of an older subjacent volcanic lineament. While there are numerous lines of observational evidence that indicate Vailulu'u is young, the actual eruption ages of its surface lavas are unknown (as are those from Malumalu).
[3] Time is an essential aspect of understanding geological processes. Without age constraints, many central questions about the evolution of the Samoan hot spot track and magma production rates can never be fully answered. To determine the ages of these young submarine lavas, we measured 238 U- 230 Pa for numerous lavas from the seamounts Vailulu'u and Malumalu. These U-and Th-daughter nuclides have half-lives ranging from 138 days up to 75 ka and enable us to establish age limits for eruption of these lavas. We have also determined a 210 Po ingrowth age for a sample from the historic volcanic cone, 'Nafanua', that was recently documented inside the summit crater of Vailulu'u [Staudigel et al., 2006] .
[4] Because many of these samples' eruption ages are definitively young relative to the half-lives of 230 Th, 231 Pa, and 226 Ra, we also interpret their 238 U- 230 Th, 235 
U-231
Pa and 230 Th- 226 Ra disequilibria in terms of the magmatic processes occurring beneath the Samoan Islands. The dominant mode of melt production in intraplate oceanic volcanism, like the Samoan Islands, is adiabatic decompression of solid upwelling mantle material, and numerous studies have shown that measurements of 230 U in young basaltic lavas can provide fundamental information on melting rate (related to solid mantle upwelling rate), melt migration velocity, and extent of melting [Sims et al., 1995 Elliott, 1997; Bourdon and Sims, 2003; Lundstrom et al., 2003; Pietruszka et al., 2001 ]. Ra to provide information on magma degassing and recharge rates [e.g., Gauthier and Condomines, 1999; Berlo et al., 2006; Reagan et al., 2006; Sims and Gauthier, 2007] .
Background
[6] The Samoan Islands and seamounts are located on the Pacific Plate between 12-15°S and 169-178°W (Figure 1 ) . The Samoan volcanoes are located along four en echelon volcanic lineaments , subparallel to the direction of plate motion (N 63.4°W at 71 mm/yr). The western trend includes Savai'i, Upolu, and western Tutuila. The more easterly trends include eastern Tutuila to Malumalu, and Muli, Ofu/Olosega and Ta'u. Vailulu'u appears to be the beginning of a new trend. There is good evidence that these lineaments are an age-progressive hot spot track .
[7] Vailulu'u is interpreted to be at the leading edge of the Samoan plume and is thus presumed to be the youngest. Recent volcanic activity at Vailulu'u has been documented by the newly mapped 300 m summit cone erupted between 1999 and 2005, and other supporting observations such as elevated water temperatures and high He, Mn and particulate contents within the summit crater [Hart et al., 2000; Staudigel et al., 2004 Staudigel et al., , 2006 . Recent posterosional stage volcanism is also observed on the islands of Tutuila, Upolu and the westernmost island of Savai'i, with the most recent eruptive episode taking place on Savai'i from 1905-1911. [8] The samples analyzed in this study are shieldstage alkali basalts from the seamounts Vailulu'u and Malumalu, collected by dredging during the March 1999 AVON2/3 cruise of the R/V Melville [Hart et al., 2000] and during the April 2005 ALIA cruise of the R/V Kilo Moana. These samples are a subset of the suite discussed in Workman et al. [2004] and Sims and Hart [2006] . We also included a posterosionalstage sample from the 1905 flow on Savaii [Hauri and Hart, 1993] . Sample descriptions and dredge locations are given in Table 1. [9] Whole rock major-element compositions indicate that these samples are silica under-saturated alkaline basalts and trachybasalts that lie above the alkali-tholeiite line of Macdonald and Katsura [1964] . SiO 2 ranges from 44 to 49 wt% and MgO ranges from 5.8 to 27.4 wt%. The three samples with high MgO and lower SiO 2 abundances are picritic basalts with high modal olivine. Bulk silicate earth (BSE) normalized trace-element abun- dances show an enrichment of the highly incompatible trace elements of 10 to 100x BSE, while the less incompatible elements are 1 to 10x BSE. BSE-normalized trace element patterns show depletions in Cs, Ba, U, K and Pb. The rejuvenated stage lava from Savaii, SAV B6, is an exception in showing no depletion in Ba.
[10] Basalts from the Samoan Islands characterize the enriched ''EM2'' end member, which is defined by radiogenic Sr, unradiogenic Nd, and moderate 206 Pb/ 204 Pb [Zindler and Hart, 1986] ; l231 = 2.115 Â 10 À5 yr À1 ; l235 = 9.8485 Â 10 À10 yr À1 [Jaffey et al., 1971; Le Roux and Glendenin, 1963; Holden, 1990; Tuli, 2000; Robert et al., 1969] . Measurement errors do not include uncertainties in l238 (0.07%), l232 (0.5%), l226 (0.4%), l231 (0.4%) or l235 (0.07%). See Appendix A for details of analytical methods. (3) Th isotopic compositions measured by: A) SIMS at WHOI using the Cameca IMS 1270 [Layne and Sims, 2000] ; and B) MC-ICPMS at WHOI using the ThermoFisher NEPTUNE [Ball et al., 2008; Sims et al., 2008] . Activity ratios calculated using l230 = 9.158 Â 10 À6 yr À1 [Cheng et al., 2000] and l232 = 4.948 Â 10 À11 yr À1 [Le Roux and Glendenin, 1963] ; errors (2s) range from: 0.4& -1% for both techniques and do not include uncertainties in l230 (0.4%) or l232 (0.5%). Replicates for rock standads analyzed for quality assurance were measured by Mc-ICPMS and were analyzed over the same time interval as the samples analyzed in this study. Comparison of WHOI's analyses of synthetic and rock standards are compared with results from other laboratories in Sims et al. [2008] . See Appendix A for details of analytical methods. (4) (Table 2) .
Geochemistry Geophysics
Geosystems G 3 G 3 sims et al.: vailulu'u and malumalu lavas, samoa 10.1029/2007GC001651 spectrometry and alpha spectrometry. Analytical details for these measurements are summarized in Appendix A and reported in other publications [Layne and Sims, 2000; Choi et al., 2001; Pichat et al., 2004; Ball et al., 2008; Sims et al., 2008] .
[12] In the absence of secondary alteration, U-series disequilibria in volcanic rocks are attributed to chemical fractionations resulting from magmatic processes (e.g. melt generation and magma transport, crystal fractionation, or magma degassing). Since these fractionation processes ceased (i.e. the system became closed) before, at, or just after eruption, the presence of radioactive disequilibria places limits on the eruption ages. These limits are proportional to the half-life of the daughter isotope and must be considered maximum eruption ages because magma storage may also be involved.
[13] In this study we have measured several different Th decay series nuclides having a wide range of half-lives (138 days to 75 ka) and differing chemical affinities (i.e. variable solid/melt and gas/melt partitioning). These U and Th decay series measurements provide age constraints on several important time windows: <350 ka; <150 ka; <8 ka; <100 a; <30 a; and, <2 a. The results of these U and Th decay series measurements and their implications for Samoan sample eruption ages are discussed below and summarized in [Ball et al., 2008; Sims et al., 2008] . Demonstrating that these samples' U and Th decay series disequilibria are not a result of secondary processes (namely seawater-rock interaction) is fundamental to their interpretation in terms of sample eruption ages and petrogenetic processes. All of the samples used in this study were fresh [Ku et al., 1977; Thurber, 1962] Th) for (a) young Samoan basaltic lavas measured in this study, and (b) a global compilation of literature data for mid-ocean ridge and ocean island basalts measured by mass spectrometric methods [Bourdon et al., 1996a [Bourdon et al., , 1996b Goldstein et al., 1989 Goldstein et al., , 1993 Lundstrom et al., 1995 Lundstrom et al., , 1998 Lundstrom et al., , 1999 Lundstrom et al., , 2003 Peate et al., 2001; Sims et al., 1995 Sims et al., , 1999 Sims et al., , 2001 Sims et al., , 2002 Sturm et al., 2000; Tepley et al., 2004; Cohen and O'nion, 1993; Pietruszka et al., 2001; Stracke et al., 2003; Kokfelt et al., 2003; Sigmarsson et al., 1998; Thomas et al., 1999; Turner et al., 1997; Claude-Ivanaj et al., 1998; Widom et al., 1997; Sims and Hart, 2006] . The global data have been filtered to eliminate samples of uncertain eruption age, or altered by secondary, posteruptive processes. The solid dark line is the equiline, representing the secular equilibrium condition when the activity ratio of ( [Layne and Sims, 2000] , and by Multi-Collector Inductively Coupled Plasma Mass Spectrometry (MC-ICPMS) using WHOI's ThermoFisher NEPTUNE [Ball et al., 2008; Sims et al., 2008] . Th isotopic analyses were replicated several times. Reproducibility is within analytical errors (less than 1%).
[ Figure 3) . The half-life of 230 Th is 75,690 ± 230 years [Cheng et al., 2000] , therefore these sample's 230 Th excesses require eruption ages of less than 300,000 years ( Pb (t 1/2 = 22.6 ± 0.1 yrs [Holden, 1990] ) was determined directly by gamma spectroscopy and by 210 Po ingrowth using alpha spectrometry (Figure 6 ; Tables 3 and 4). The 210 Po alpha counting data is more precise and accurate and therefore we only consider this data for determining eruption ages.
[21] Four samples from the Vailulu'u summit crater (Figure 2 ), 210 Po (t 1/2 = 138.4 ± 0.1 days [Holden, 1990] ) was measured by alpha-spectrometry in three aliquots over a one-year period (Table 4 ).
The eruption age was determined by best-fit regression to a radioactive ingrowth curve (Figure 7) . In most erupted magmas, complete polonium volatilization during eruption creates an initial 210 Po deficit relative to the 210 Pb grandparent; this is subsequently erased with time via radioactive ingrowth towards secular equilibrium [e.g., Bennett et al., 1982; Gill et al., 1985; Reagan et al., 2008] . Using the two sigma uncertainties on the 210 Po analyses (Table 4) we calculate an eruption date for ALIA 101-1 of November 8, 2004 (+62/À67 days), assuming that ( 210 Po) = 0 at the time of eruption. This assumption of 100% Po degassing is supported by analyses of a shallow submarine sample from Macdonald seamount that was entirely degassed on the date of sample collection (presumed eruption), whereas Po degassing at greater depth (>3 km) is presently constrained to 75-100% [Rubin, 1997; Rubin et al., 1994] . Incomplete Po degassing would cause reported ages to be overestimates, and so the reported age is nominally a maximum.
[23]
210 Po was also measured on two Vailulu'u samples (70-9, 63-13) soon after their collection in 1999, and then again in late 2000 (by A. Fleer, at WHOI). These measurements are similar to the University of Iowa's 2005 results indicating that they were clearly in equilibrium with respect to Figure 5 .
226 Ra (dpm/g) measured by isotope dilution mass spectrometry versus (a) 214 Pb (dpm/g) and (b) 214 Bi (dpm/g) measured by gamma spectroscopy. Tl by gamma spectroscopy in eleven samples ( Figure 8 and Table 3 Th) disequilibria produced during melting decayed away prior to eruption as magmas migrated to the surface over a period exceeding 30 years [Reagan et al., 1992] .
3.3. Po ingrowth curve for ALIA 101-01. Eruption age is determined by assuming 100% degassing of Po in the initial lava and extrapolating the bestfit radioactive equilibration curve through the data. Error in the calculated maximum age is determined by regression through the data at the limits of their 2-sigma analytical errors. Th (dpm/g) measured by isotope dilution mass spectrometry versus (a) 228 Ac (dpm/g) and (b) 208 Tl (dpm/g) measured by gamma spectroscopy. (Table 3) . (Table 3) . These
231
Pa excesses require maximum eruption ages of less than 150 Ka (Table 5 ). The large magnitude of these 231 Pa excesses suggests even younger ages, probably less than the half-life of 231 Pa (t 1/2 = 32,760 ± 220 yrs [Robert et al., 1969] ). This age constraint is consistent with three of these four samples having 226 Ra excesses, which infer even younger eruption ages (<8 Ka).
Implications of Age Constraints for Magma Production and Eruption Rates at Vailulu'u and Malumalu
[27] For the submarine volcano Vailulu'u, the determined U-series ages are for lavas from both the summit crater and lower rift zones ( Figure 1 Ra) < 1, indicating that their eruption ages are less than 100a. These ages indicate that Vailulu'u is currently active and magmatically productive with young lavas resurfacing both its summit crater and deeper rift zones. Ra), so its eruption age is inferred to be >8 ka (note that this is true also of 72-2, from the deep NE Rift). While we have binned these U-series ages into four temporal episodes, all of the summit crater samples have distinctly different Nd, Sr and Pb isotopic signatures suggesting either: (1) they come from different eruptions, implying more than four eruption episodes; or, (2) intralava isotopic variability is large (intradredge variability is demonstrably large; e.g. compare the three dredge 73 samples). Only the recent Nafanua cone sample (101-01) and the NE rift sample (72-2) have indistinguishable Sr, Nd and Pb isotopic signatures, yet these differ in eruption age by at least 8,000 years. It is likely that all of the analyzed Vailulu'u samples have come from different eruptions.
[29] On Malumalu, all three samples (76-1, 77-9, 78-1) have 230 Th excesses, sample 76-1 also has a 231 Pa excess and sample 78-1 also has a 226 Ra excess. These disequilibria indicate that there has been magmatic activity on Malumalu more recently than 8 ka, at least two eruptions in the last 150 Ka, and at least three eruptions in the past 300 ka.
[30] The maximum eruption ages we have determined from U-and Th-decay series measurements indicate that the surfaces of Vailulu'u and Malumalu are quite young and that Vailulu'u has erupted several times over the past 100 yrs, including in 2004. These young ages are consistent with the hypothesis that these volcanoes represent the leading edge of the Samoan plume [Hart et al., 2000 Staudigel et al., 2004] .
Implications for the Drift of the Samoan Plume
[31] It is apparent from the data presented above that volcanism is to some extent coeval on Malumalu and Vailulu'u seamounts (Table 5 ). The linear distance between these two volcanoes is 90 km and they lie on distinctly separate en echelon volcanic Figure 10 . Second principal components for the Samoan samples, including isotopic ratios and a few selected traceelement ratios. 78% of the chemical and isotopic variability in the Samoan data set can be explained by the first two principal components. The first principal component (not shown) accounts for 60% of the variance in the data and is interpreted as reflecting the effects of fractional crystallization, namely the removal and addition of olivine. Nd are not linear across the global oceanic data set [Sims and Hart, 2006] , and even show some curvature amongst this Samoan data set (Figure 9 ), namely because of the enriched endmember 78-1. Nonetheless, the strong covariance among the lavas' isotopic compositions and trace element abundances clearly reflects the influence of source variability. lineaments (Figure 1) . Malumalu anchors the east end of a long submarine lineament running SE from Tutuila, whereas Vailulu'u is the beginning of a new lineament lying NE of the intervening MuliTa'u lineament. There is also minor young (coeval) volcanism on Ta'u and Ofu-Olosega (the orthogonal distance between the Malumalu and Ta'u lineaments is 66 km). Hart et al. [2004] proposed that the Samoa plume is being blown to the NE by mantle flow escaping from underneath the subducting Tonga slab during its eastward roll-back. The present demonstration of young coeval volcanism on Malumalu and Vailulu'u provides a strong measure of support for this hypothesis. While the plumbing system of the plume currently appears to be feeding both volcanoes, this model predicts that volcanism on Malumalu will wane over the next 10 4 -10 5 years while increasing in vigor on Vailulu'u.
6. Basalt Petrogenesis Beneath Samoa U) of Samoan lavas to forward models of melt generation and magma transport. We consider both: (1) 'time-independent melting' in which parent/daughter fractionation is attributed to low melt fractions during 'batch' or 'fractional' melting; and, (2) 'time-dependent melting' which incorporates daughter isotope ingrowth and decay over the timescales of melt generation and magma transport. There are now several models relating the isotope systematics of U-series disequilibria to the timescales of the melting process [e.g., McKenzie, 1985; Spiegelman and Elliot, 1993; Williams and Gill, 1989; Iwamori, 1994; Qin, 1992 [Salters and Longhi, 1999] ; the black lines use D U = 0.0012 and D Th = 0.0003 [Beattie, 1993a [Beattie, , 1993b [Salters and Longhi, 1999] ; the black lines use D U = 0.0012 [Beattie, 1993a [Beattie, , 1993b . The single blue line represents the inverted batch melting trend for the combined Samoan and Hawaiian data suites (see text for details), for which we calculate D U = 0.004 and D Pa = 0.00009. In both cases, MORB lie well above of the simple batch-melting trend observed for the Hawaiian and Samoa data and require complex melting scenarios incorporating ingrowth of daughter nuclides, multiple porosities, mixing of polybaric melts and variable cpx:garnet source ratios [Sims et al., 1995 Bourdon et al., 1998; Bourdon and Sims, 2003; Lundstrom et al., 1995; Lundstrom, 2000] . Increments of melting (10%, 5%, 4%, 3%, 2%, 1%) are shown by crosses. differ mainly in their treatment of the melt extraction process (i.e. reactive porous flow versus near-fractional melting), however, because they incorporate the effect of radioactive ingrowth and decay of the daughter isotopes during melt production, they are able to predict mantle melting rates and melt transport rates based upon U-Th-Ra and U-Pa disequilibria. These U-series mantle melting rates can, in turn, be combined with theoretical predictions of melt productivity [e.g., Asimow et al., 1997; McKenzie and Bickle, 1988 ] to calculate a model solid mantle upwelling rate Pietruszka et al., 2001; Bourdon and Sims, 2003; Kokfelt et al., 2003; Bourdon et al., 2006] .
[34] Interpretation of U-and Th-series disequilibria data in terms of magmatic processes requires explicit knowledge of eruption ages relative to the half-life of the relevant system. As discussed above, the Vailulu'u and Malumalu basalts are all submarine samples and so the only constraints on their eruption ages (except ALIA 101-01) are from the U-series disequilibria measurements (Table 5) . The presence or absence of disequilibria in the shorter-lived systems can be used as an age filter when interpreting the longer-lived disequilibria data. For our interpretation of ( Th excesses indicate that garnet is required as a residual phase in the mantle source [Beattie, 1993a [Beattie, , 1993b La Tourrette and Burnett, 1992; La Tourrette et al., 1993; Hauri et al., 1994; Lundstrom et al., 1994; Salters and Longhi, 1999] . High-pressure, near-solidus clinopyroxene can also produce ( Figure 11 , except for D Ra , which is held constant and assumed to be 4E-5 in all cases. Also shown in 12a, are the recent partitioning data of Landwehr et al. [2001] as a function of pressure (light grey curves). As discussed by Bourdon and Sims [2003] , the distinction between MORB and OIB can be explained by a variable cpx/ garnet ratio in the mantle source, determined by the initial pressure of melting. The OIB data lie along melting trends that are consistent with melting at a pressure above the garnet-spinel transition, and having a low cpx/garnet ratio. In contrast, MORB can be produced by a shallower average depth of melting, and are characterized by larger 231 Pa excess at a given 230 Th/ 238 U. In Figure 12b , the 226 Ra excesses for all OIB are smaller than MORB and also tend to be positively correlated. For MORB, the only sample suite whose ages are known to be young relative to the halflife of 226 Ra are from 9-10°N EPR . These MORB samples show an inverse correlation between 230 Th excess and 226 Ra excess (as well as major and trace element composition) which was interpreted as mixing of two types of melt: one having a high 230 Th component equilibrated with deep, un-depleted garnet peridotites (>70 kms); the other having a high 226 Ra component preserving characteristics indicative of equilibration with highly depleted, residual harzburgite in the uppermost, spinel facies mantle (<70 kms). More recent interpretations [Faul, 2001; Saal and Van Orman, 2004] debate the mechanisms responsible for the large 226 Ra excesses in MORB, but not its shallow origin. [Landwehr et al., 2001] , however, the large excesses seen in most oceanic basalts (both MORB and OIB) requires garnet as a residual phase during melting. A deep garnet-bearing source for these basalts is also indicated by the silica-undersaturated alkaline compositions, high FeO contents, fractionated HREE ratios (Dy/Yb ranges from 1.7-2.3) and the age and thickness of the Samoan lithosphere (68-72 kms; M. Jackson and J. Collins, personal communication).
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[ Pb; these correlations indicate that the high Th/U ratio of the Samoan source is a long-lived feature, consistent with the enrichment of Rb/Sr, Nd/Sm and Th/U in the lavas (Figures 9 and 10) Salters and Longhi [1999] and an inferred D Ra of 4E-5 and D Pa of 1E-5. The horizontally trending solid lines show activity ratios for constant maximum porosity (f max ) in percent, while the vertically trending dashed lines show the activity ratios for a constant melting rate in kg m À3 yr À1 . This analytical approximation gives results similar to the full numerical solution. However, because the analytical solution assumes a constant porosity throughout the melt column, whereas the numerical solutions (see e.g. User Calc) infer an upward increasing porosity (to keep melt flux constant), the porosities inferred from the analytical solution are higher than those derived by the numerical solution, for a given 226 Ra excess. These differences in calculated melting rates are most significant for larger Th and Ra excesses, but are negligible for the range of disequilibria observed for Samoa. U) and other trace element ratios such as La/Yb are not necessarily expected. The Samoan lavas are all alkaline basalts derived by similar extents of mantle melting, so trace element variations induced by differences in degree of melting will be small compared to the large variability inherited from the source [Sims and Hart, 2006; Workman et al., 2004] . This is in marked contrast to OIB suites, like Hawaii, where there is a large range of basalt compositions (from tholeiites to basanites) and the ( 230 Th/ 238 U) varies systematically as a function of the extent of melting, as inferred from major and trace-element abundances [Sims et al., 1995 .
[38] Because the source ratio is not known for most trace element pairs, it is difficult to quantify the amount of chemical fractionation occurring during basalt petrogenesis. However, for trace element ratios that are part of an isotopic system (such as Sm/Nd, Lu/Hf, Rb/Sr, U/Pb and Th/Pb), isotopic abundances can be used to constrain these elemental ratios in the magma source [DePaolo, 1988; Salters, 1996; Salters and Hart, 1989; Sims et al., 1995 Sims et al., , 1999 Stracke et al., 1999; Workman and Hart, 2005; Workman et al., 2004] . Typically, SmNd and Lu-Hf are preferred because the behaviors of these elements during basalt petrogenesis are relatively well understood [DePaolo, 1988; McKay, 1989; Salters and Hart, 1989; Sims et al., 1995; Salters et al., 2002] . With long-lived isotope systems like Sm-Nd or Lu-Hf, estimation of elemental source ratios is limited by uncertainties in our knowledge of the mantle source age, whereas in the 238 U- 230 Th system, the source ratio is known explicitly from secular equilibrium constraints.
[39] To evaluate ( (Figure 11a ). To calculate the Sm/Nd source ratio we use a 1.8 Ga isochron (age of the NHRL [Hart, 1984] ) and assume that the depleted mantle and continental crust are complementary derivatives of the bulk silicate earth. While the age and pedigree of the Samoan source are debatable, the values we have calculated for the Samoan source are comparable to the EM2 source value calculated by Workman et al. However, on a more global scale when the Samoan data are considered in the context of the Hawaiian samples, which show a large range in composition (from tholeiites to basanites), they are remarkably consistent with the systematic relation between U-Th fractionation and Sm-Nd fractionation previously noted by Sims et al. [1995 Sims et al. [ , 1999 [Beattie, 1993a [Beattie, , 1993b Salters and Longhi, 1999] .
[40] U-Th and Sm-Nd data for the Samoan and Hawaiian samples can also be inverted in terms of batch melting models, to find self-consistent bulk U and Th partition coefficients and melt fractions. This inversion is based on the batch melting equation of Shaw [1970] , which is linear when expressed in terms of the parameters (1 À a Sm/Nd ) [Salters and Longhi, 1999] ). Calculated melt fractions for Samoa are between 1.5-3%. For comparison, Hawaiian basalt melt fractions range from a maximum of 4-8% for tholeiites, to 0.5-2% for AOB, down to about 0.25% for basanites.
[41] Time-dependent melting models would shift all of the model curves upward in Figure 11a Th in Hawaii and Samoa are mainly sensitive to the small melt fractions because the upwelling rates for mantle plumes are fast relative to the long half-lives of 230 Th [Elliott, 1997; Sims et al., 1995 Sims et al., , 1999 . Many other data suites, particularly MORB, lie well above this simple batchmelting trend and require more complex melting models that incorporate ingrowth of daughter nuclides, multiple porosities and mixing of polybaric melts [cf. Sims et al., 2002] . The influence of different source lithologies and respective productivities is also an important, but additional, parameter to consider [e.g., Hirschmann and Stolper, 1996 , can be modeled by simple batch melting of a garnet peridotite, using experimentally determined partition coefficients for U and Th and assuming that Pa is highly incompatible (here we use D Pa = 10 À5 to be consistent with Bourdon and Sims [2003] and Sims et al. [1999] ) (Figure 12a ).
[44] The Samoan basalts have small 230 (Figure 11b ) and can thus be inverted in terms of batch melting models to find self-consistent bulk U and Pa partition coefficients and melt fractions. [Beattie, 1993a [Beattie, , 1993b [46] The interpretation of ( 226 Ra/ 230 Th) in oceanic basalts is not straightforward. Large differences in Th and Ra crystal/liquid partitioning and the shorthalf life of 226 Ra can create large disequilibria during melting, particularly when ingrowth effects are considered [McKenzie, 1985; Spiegelman and Elliot, 1993; Williams and Gill, 1989] . In shallow magmatic systems, the relatively high partition coefficients for Ra in feldspars and amphiboles Wood, 2003a, 2003b] and its short half-life make it susceptible to secondary differentiation processes and/or timescales that can overprint its original melting signature [Condomines et al., 2003; Cooper et al., 2001 Cooper et al., , 2003 Reagan et al., 1992; Saal and Van Orman, 2004] .
[47] Despite a variety of interpretations for ( 226 Ra/ 230 Th) measured in oceanic basalts, it is generally agreed that simple time-independent melting models (i.e. batch or fractional melting) cannot explain the large 226 Ra excesses (Figure 12b ). Because of its much shorter half-life, interpretation of 226 Ra data in terms of melting processes requires models that explicitly treat the time-scales of melt generation and melt extraction [e.g., McKenzie, 1985; Spiegelman and Elliot, 1993] . MORB data seem to require more complicated 2-D melting scenarios (consistent with our understanding of the MORB melting regime), whereas simple 1-D timedependent melting models can satisfactorily explain most OIB.
[48] Forward modeling shows that both 'chromatographic porous flow melting' [cf. Spiegelman and Elliot, 1993] (Figure 13a ). Using an analytical approximation for the chromatographic porous flow model and the current experimental range of partition coefficients for U, Th and Ba (proxy for Ra) [Beattie, 1993a [Beattie, , 1993b La Tourrette and Burnett, 1992; La Tourrette et al., 1993; Lundstrom et al., 1994; Salters and Longhi, 1999 ] the calculated maximum porosity in the melting zone ranges from 2%-6% and the melting rate ranges from 5E-3 to 2E-4 kg/m 3 /yr. These inferred large maximum porosities, approach or exceed total melt fractions calculated from Sm-Nd fractionation implying no melt-solid movement during melting and thus no daughter nuclide ingrowth. With dynamic melting (not shown), ( 230 Th/ 238 U) disequilibrium is also controlled by the melting rate, however, the calculated porosities are threshold, or escape porosities. Because the dynamic melting model does not consider melt migration, for a given set of partition coefficients these threshold or escape porosities are considerably lower than the maximum porosities at the top of the melt column predicted by the chromatographic melting model. With dynamic melting, the inferred melting rates are also slightly lower. Finally, it is important to note that the Samoan ( 231 Pa/ 235 U) can also be explained by chromatographic porous flow melting (Figure 13b ) and dynamic melting (not shown); these predict melting rates and porosities comparable to those obtained from [49] The above calculated melt fractions, porosities and melting rates, for both time-independent (batch and fractional) and time-dependent (chromatographic porous flow and dynamic) melting models, [50] Magma storage time is another potential source of uncertainty in the above modeling. If magma is stored in magma chambers for significant periods of time before eruption, the parent/ daughter activity ratios will decay toward the equilibrium value and cause us to underestimate the parent/daughter fractionation in the melting process. This issue is most significant for 226 Ra; it is probably not a significant source of uncertainty for the longer-lived 230 Th and 231 Pa. While decay due to simple magma storage will reduce 226 Ra excesses, other effects such as plagioclase fractionation or cumulate-melt interaction during shallow level storage will also potentially affect 226 Ra excesses [Reagan et al., 1992; Sims et al., 1999; Cooper et al., 2001 Cooper et al., , 2003 Condomines et al., 2003; Faul, 2001; Saal and Van Orman, 2004] . Because 226 Ra in these models is largely controlled by the porosity of the melt zone, uncertainties in magma residence times will translate into large uncertainties in calculated porosities (i.e. Figure 13a) , and the dominance of other Ra/Th fractionation mechanisms will negate the relevance of 226 Ra for determining melt porosities. Shallow level Ra/Th fractionation is not required but also it cannot be ruled out based on present data. However, as will be discussed below the moderate 210 Pb deficits seen in the Vailulu u' samples indicate short magma residence times relative to the half-life of 226 Ra. These samples isotopic heterogeneity over relatively short distances and time intervals also argues against substantial magma mixing and long magma storage times.
Implications for Mantle Upwelling
Rates, Plume Structure, and Buoyancy Flux
[51] The calculated melting rates, determined mainly from U-Th and U-Pa disequilibria, can be combined with theoretical predictions of melt productivity [e.g., McKenzie and Bickle, 1988; Asimow et al., 1997] to calculate solid mantle upwelling rates Pietruszka et al., 2001; Bourdon and Sims, 2003; Kokfelt et al., 2003; Bourdon et al., 2006] . Using a theoretical melt productivity (dF/dz) of 0.003/km, which is an appropriate estimate for the depth range of interest [Asimow et al., 1997; McKenzie and Bickle, 1988] , we calculate solid mantle upwelling rates from $2 cm/year to $50 cm/year for Samoan magma generation. These upwelling rates are reasonable, but quite variable, ranging from the lower end of upwelling rates calculated (from U-series data) for Hawaiian main-stage tholeiites (40-100 cm/year) down to values typical for Hawaiian postshield alkali basalts (2-5 cm/year). Previous studies of OIB have shown a positive correlation between ( 230 Th/ 238 U) and distance from a plume center, and this has universally been attributed to variations in upwelling rate Pietruszka et al., 2001; Bourdon and Sims, 2003; Kokfelt et al., 2003; Bourdon et al., 2006] . In this regard, it is important to note that for Hawaiian basalts, upwelling rates inferred from U-series data Pietruszka et al., 2001 ] are comparable to upwelling velocities calculated from axis-symmetric plume models [Watson and McKenzie, 1991; Hauri et al., 1994] and are even better matched [Bourdon and Sims, 2003] with models that take into account the influence of the overriding Pacific plate on plume upwelling [Ribe and Christensen, 1999] . Chabaux et al. [1994] first noted a rough negative correlation between U-series disequilibria and plume buoyancy flux, and this has been since modeled as function of ''coupled variations in excess mantle temperature and upwelling velocity'' [Bourdon et al., 2006] . The Samoan data presented here generally conform to these correlations, but the 230 Th and 231 Pa excesses are low for its estimated buoyancy flux [Ribe, 1996; Sleep, 1990] ; at face value, this would change the functional form of this correlation, making it more hyberbolic than previously estimated [Bourdon et al., 2006] and inferring higher temperature anomalies in the plume-generating boundary layer. Alternatively, the buoyancy flux for Samoa may be significantly underestimated, as Samoa sits adjacent to a complicated tectonic regime (Tonga subduction). Pb deficits in magmas [Gauthier and Condomines, 1999; Rubin and Macdougall, 1989; Sims and Gauthier, 2007] .
[54] Most ( 210 Pb/ 226 Ra) measurements have been on subaerial volcanic arc samples [e.g., Berlo et al., 2006; Gauthier and Condomines, 1999; Reagan et al., 2006; Turner et al., 2004] , though a few measurements have been reported for submarine samples from Macdonald seamount [Rubin and Macdougall, 1989] and Pacific MORB [Rubin et al., 2005] . The large 210 Pb deficits seen in the Macdonald seamount basalts, and for many arcs, have been interpreted in terms of Rn degassing, plus or minus some plagioclase fractionation [Gauthier and Condomines, 1999] . In contrast, the ( 210 Pb/ 226 Ra) disequilibria in samples from historic MORB eruptions are quite small (0.9-1.1) and have been attributed to melt generation processes and short magma transport/residence times [Rubin et al., 2005] .
[55] As was proposed for MORB [Rubin et al., 2005] , melt generation processes can also explain the large 210 Pb deficits measured at Vailulu'u. The much greater compatibility of Pb relative to Ra can create significant 210 Pb deficits using both timedependent and time-independent melting models. Ra) of 0.75 can be produced by $0.6% simple batch melting. Pb is also highly chalcophilic, so that residual sulfide during melting would make Pb even more compatible [Sims and DePaolo, 1997; Hart and Gaetani, 2006] . Also, sulfides frequently appear as liquidus phases in Vailulu'u magmas [Workman et al., 2006] , thus differentiation processes would also cause 210 Pb deficits. For example, if the sulfide/melt partition coefficient is 38 [Hart and Gaetani, 2006] , and Ra is considered to be 100% incompatible in sulfides, then $0.9% sulfide crystallization is required to produce a 210 Pb deficit of 25%. However, there is not enough S in estimated primary Samoan melts to allow for more than 0.1-0.2% sulfide crystallization [Workman et al., 2006] .
[56] Furthermore, the S/Cl ratio in Samoan glasses is relatively constant, again arguing against significant sulfide fractionation [Workman et al., 2006] . However, in all cases, if the large 210 Pb deficits observed in Vailulu'u are a result of magmatic processes (melting or differentiation), then extremely short magma residence times are inferred (ca. 20 years or much less).
[57] Continuous 222 Rn degassing [Gauthier and Condomines, 1999; Rubin and Macdougall, 1989; Turner et al., 2004; Sims and Gauthier, 2007] can also explain the large 210 Pb deficits measured at Vailulu'u. This hypothesis is consistent with the large extent of 210 Po degassing measured for ALIA 101-01 and the very high hydrothermal 3 He contents observed in water from Vailulu'u crater . Efficient degassing of radon at shallow magma levels is also supported by measurements of low initial 222 Rn and 210 Po in freshly erupted mafic and intermediate lavas [Gill et al., 1985; Sato, 2003; Sato and Sato, 1977; Reagan et al., 2008] , and by measurements of high ( 222 Rn/ 210 Pb) in volcanic gases coming directly from dry magma conduits, such as Masaya [Sims and Gauthier, 2007] . For the 210 Pb deficit measured for the zero-age sample ALIA 101-01 (0.70), and using a variety of degassing models (with or without magma recharge, and with partial or complete degassing [Gauthier and Condomines, 1999] ), inferred residence times are short ($10-30 years), consistent with the observation that there have been numerous isotopically distinct lava eruptions within the Vailulu'u summit crater over the past 100 years. Because 222 Rn degases by partitioning into a vapor phase created by the major volatile species (e.g. H 2 O and CO 2 [Gauthier and Condomines, 1999] ), these models imply that Samoan magmas persistently exsolve H 2 O and CO 2 [Workman et al., 2006] for decadal time frames before eruption. Th) disequilibria indicate that all of the samples from the summit crater and lower rift zones have maximum eruption ages of <350 ka, with most being <8 ka. These young eruption ages imply that Vailulu'u is magmatically productive, consistent with the hypothesis that it is at the leading edge of the Samoan plume [Hart et al., 2000 .
[59] 2. Geological observations [Hart et al., 2000 Staudigel et al., 2004] Pa excess and is inferred to be less than 150 Ka; another (78-1) has 226 Ra excess and is inferred to be <8 ka.
[62] 5. The young coeval volcanism on Malumalu and Vailulu'u suggests that the Samoa hot spot is currently feeding both volcanoes, though they lie on separate volcanic lineaments. This may indicate a northeast migration of the Samoa plume due to dynamic interaction with the Tonga slab. Pb) or trace element ratios and abundances (e.g. La/Yb). However, the lavas are all alkaline basalts derived by similar extents of mantle melting, so trace element variations induced by differences in degree of melting are small compared to the large variability inherited from the source.
With Regard to Samoan Basalt Petrogenesis
[65] 3. Rn and infer magma residence times in the shallow crust of l0-30 years. The inference that these Vailulu'u samples have undergone short decadal scale magma storage times is supported by two other observations: the first is that the Vailulu'u summit crater samples show significant isotopic heterogeneity over relatively short distances and time intervals arguing against substantial magma mixing and long magma storage times; the second is that ALIA 101-01 had ( After drying thoroughly the sample is then carefully hand-picked one additional time. Careful hand-picking and light leaching has been shown to be crucial to eliminate contamination associated with Mn oxides and ocean sediment [Bourdon et al., 2000; Sims et al., , 2002 . Note that such leaching has been shown in experiments using subaerial rock standards (e.g. TML and ATHO) not to perturb the samples U/Th, Th/Ra and U/Pa [Bourdon et al., 2000; Sims et al., 2002] .
A1.2. Sample Dissolution
[69] After leaching and crushing (1-5 mm) the terrestrial rock samples and ocean floor basalt glasses are dissolved completely by a series of digestions using HF and HNO 3 , followed by HNO 3 +H 3 BO 3 and HCLO 4 to break down all fluorides. During these steps it is essential to attain complete digestion and eliminate all fluorides as incomplete dissolution and residual fluorides will reduce column yields and perturb the sample's U/Th, U/Pa and Th/Ra.
A1.3. Thorium and Uranium Isotopes
[70] From the dissolved rock samples thorium and uranium separated and purified in the WHOI clean labs using two anion columns. The first column is a nitric anion column to separate Th and U from the silicate rock matrix, and the second column is a hydrochloric anion column to separate Th from U.
[71] Th isotopes are measured using the WHOI ThermoFisher NEPTUNE. Analyses are made statically, measuring 232 Th on a Faraday cup and 230 Th on the axial, discrete dynode ion counter (ETP-SEM/SGE, Sydney, Australia) passing through a tunable repelling potential quadrupole (RPQ) or high abundance sensitivity lens designed to minimize tailing on the low mass side of a peak. Using the RPQ on the ThermoFisher Neptune, the abundance sensitivity at 85% transmission was $50 ppb over 2 AMU, resulting in a tail correction of Th is corrected offline using an exponential method, based on a peak scan from mass 229.5 to mass 231.5. These scans show tail curvature on the NEPTUNE is such that a linear extrapolation would significantly overestimate the effect of the 232 Th tailing, thereby causing the corrected 230 Th/ 232 Th ratio to be too low. To correct for both instrumental mass fractionation between masses 230 and 232 and the relative difference in the efficiency of the Faraday and SEM detectors, we evaluated two different methodologies: (1) sims et al.: vailulu'u and malumalu lavas, samoa 10.1029/2007GC001651 5.856 Â 10 À6 (± 1.2% 2s RSD) from Rubin (2001) . Results show that, due to instrumental mass bias differences and differences of the ion energies through the RPQ filter of U and Th, U does not adequately correct for Th and generally gives results that are too low [Ball et al., 2008; Sims et al., 2008] . Thus for this study and all Th isotopic analyses at WHOI, Th isotopic measurements are corrected using a linear interpolation of the 230 Th/ 232 Th measured in the UCSC Th 'A' bracketing each sample, and normalized to a nominal value from Rubin (2001) . Sensitivity, based on U using a normal spray chamber (wet plasma) and standard nickel cones, expressed as ion yield is approximately 0.1%. The linear range of the ETP SEM with RPQ is less than 20k CPS, with the best linearity achieved by matching samples and standards to within a factor of 2. Dead time was measured to be 20 nanoseconds. Using Th-bracketing (UCSC Th 'A'), interday reproducibility over a four-year period with multiple instrument operators is 0.4-1.5% (2s) for both solution standards and processed Th from volcanic samples. Our daily reproducibility for any one solution is 0.2 -0.5% (2s). Drift in UCSC Th 'A' varies from 0.5 to 1.0% throughout a 10-hour analytical session after a 2-3 hour warmup period. Temporal variations in drift and abundance sensitivity throughout each session are the most fundamental sources of error.
[72] U isotopes are measured using the WHOI ThermoFisher NEPTUNE. [74] U and Th are measured in the same aliquot using a peak hopping routine on masses 229, 232, 232.5, 233, 235, 238 [77] After spiking and spike equilibration Ra purification was accomplished using slightly modified procedures from [Chabaux et al., 1994] . Briefly, the Ra fraction is separated from U and Th on a large (8-10 ml) HNO 3 anion column (AG1X8 200-400 mesh). Ra is then purified using a series of HCl elutions on a large (8-10 ml) cation column (AG50 X8 cation resin). Ra is further purified with another pass through a 2 ml column of AG 50 X8 resin Ra-Ba separation was accomplished with two passes through a 500 ml column of Sr-spec resin eluting with 3N HNO 3 . Immediately prior to mass spectrometry 228 Ra is separated from the ingrown 228 Th using a small HCl cation column. All samples are also fumed prior to mass spectrometry to reduce organic backgrounds and intereferences.
[78] Using 228 Ra as an isotope spike we have investigated two ion-counting methods; a ''peakhopping'' routine, where 226 Ra and 228 Ra are measured in sequence on the central discrete dynode ETP secondary electron multiplier (SEM), and simultaneous measurement of 226 Ra and 228 Ra on two multiple ion-counter system (MICS) channeltron type detectors mounted on the low end of the collector block. Here we present 226 Ra measurement by isotope dilution using the Thermo Fisher NEPTUNE MC-ICPMS. Analysis of external rock standards TML and ATHO along with mid-ocean ridge basalt (MORB) and ocean island basalt (OIB) samples show three issues that need to be considered when making precise and accurate Ra measurements: (1) mass bias, (2) background, and (3) relative efficiencies of the detectors when measuring in MIC mode.
[79] Due to the absence of an established 226 Ra/ 228 Ra standard, we have used U reference material NBL-112A to monitor mass bias. Although Ball et al. [2008] have shown that U does not serve as an adequate proxy for Th (and thus not likely for Ra either), measurements of rock standards TML and ATHO are repeatedly in equilibrium within the uncertainty of the measurements (where total uncertainty includes propagation of the uncertainty in the 226 Ra standard used for calibrating the 228 Ra spike). For this application, U is an adequate proxy for Ra mass bias at the 1% uncertainly level. The more important issue is the background correction. Because of the extensive chemistry required to separate and purify Ra (typically fg/g level in volcanic rocks), we observe large ambient backgrounds using both ion-counting techniques, which can significantly influence the measured 226 
Ra/ 228
Ra ratio. Ra offpeak backgrounds need to be measured explicitly and quantitatively corrected for. One advantage of using a ''peak-hopping'' routine on the central SEM is the optional use of the high abundance sensitivity lens or repelling potential quadrapole (RPQ). This lens virtually eliminates the ambient background and significantly enhances the signal to noise ratio with only a small decrease in Ra ion transmission. Even with the diminished background levels observed using ''peak-hopping'' on the SEM with the RPQ, accurate measurement of Ra isotopes requires off-peak background measurement. Finally, when using MICS it is important to account for the relative efficiency of the detectors. Multiple ion counting is, in principle, preferable to ''peakhopping'' because more time is spent counting each individual isotope. However, our results illustrate that proper calibration of detector yields requires dynamic switching of 226 Ra between the two ion counters. This negates the inherent advantage of multiple ion counting. Therefore, when considering mass bias, background correction, and detector gain calibration, we conclude that ''peakhopping'' on the central SEM with the RPQ abundance filter is the preferred technique for 226 Ra/ 228 Ra isotopic measurement on the Neptune MC-ICPMS. The Samoan samples analyzed for this study were measured using a ''peak-hopping'' routine on the central SEM and the RPQ abundance filter. [81] From the dissolved sample solutions described above an aliquot of sample is separated and spiked to have 233 Pa (0.5-2 pg) and = 231 Pa/ 233 Pa ratios of 1-5. This spike liquid sample aligout mixture is then refluxed with HClO 4 to equilibrate spike and sample, and to further destroy fluoride complexes, which could decrease Pa recovery during separation and purification. In the course of the evaporation, 8N HNO 3 was used repeatedly to wash beaker walls ($6 ml total). The sample is evaporated to near dryness and 20 ml of 2N HCl was added to bring the spiked sample back into solution. 10 ml of concentrated NH 4 OH were added to this 231 Pa aliquot to precipitate iron oxyhydroxides (pH = 8-9) entrain Pa. The Fe concentrations of volcanic samples are high enough to avoid using a Fecarrier as is required for seawater [e.g., Choi et al., 2001] . Avoiding the use of a Fe-carrier reduces the procedural blanks. Fluoride ions remained in solution, thus avoiding formation of stable fluoride complexes (PaF 7 2À ), which would compromise the efficiency of the following Pa elution. This Fe oxyhydroxide precipitate is cleaned by successive dissolution with Milli-Q water and 2N HCl and then reprecipitated with NH 4 OH (pH = 8 -9). Between each step the sample was centrifuged and the supernatant was discarded. Finally, the precipitate was dissolved in 9N HCl. The iron precipitation step is important as both an initial purification step and a means of removing fluoride ions. Pa is then separated and purified by three successive 4ml anion exchange columns (AG1 Â 8, 100-200 mesh) using a procedure modified from the methods described by Anderson and Fleer [1982] and Fleer and Bacon [1991] . See Choi et al. [2001] for details. g-counting experiments showed a final recovery of 98% ± 8% 233 Pa.
A1
[82]
231
Pa concentrations were determined by isotope dilution (see below for discussion of spike preparation and calibration). Measurements were made with ThermoFisher ELEMENT2 ICPMS in low-resolution mode (mass resolving power Dm/m = 300). Samples were introduced into the plasma through a membrane desolvation system (MCN-6000, Cetac Technologies) equipped with a PFA microconcentric nebulizer and a redesigned PFA spray chamber (Elemental Scientific Inc.) heated at 100°C. The redesigned chamber improved plasma stability by more efficiently removing wet droplets which could have passed through the plasma. Passive aspiration was used to improve the stability of the ion beam and eliminate possible memory effects from the PVC tubes of a peristaltic pump. Combining the MCN-6000 and PFA microconcentric nebulizer significantly reduces the sample uptake rate to <80 ml/min and improves sensitivity to 5-8 Â 10 6 cps/ppb U (i.e. a factor of 5 to 10) compared to standard pneumatic nebulization without desolvation, without increasing background counts. The resulting overall efficiency is 1.5 to 2.5% (ions detected/atoms introduced) for U. Measurements were made in the electrostatic scanning mode by changing the acceleration voltage with a fixed magnetic field. Data acquisition time was 2 -3 minutes for each fraction. The acquisition of all the data ( 231 Pa, 230 Th, 232 Th and 238 U concentrations) necessary for 18 samples and 2 procedural blanks can be made within 48 hours. The instrumental mass fractionation was evaluated by bracketing each unknown sample with a uranium standard (see section 3.6). For this purpose, we used the 235 U/ 238 U of National Bureau of Standards NBS 960.
[83] The 233 Pa spike was produced by neutron activation of 232 Th and was purified by anion AG1-X8 resin [Anderson and Fleer, 1982] A2. WHOI Gamma Spectrometry Methods for Short-Lived U and Th Decay Series Nuclides
[84] Activities of several short-lived isotopes were measured by gamma spectrometry [Condomines et al., 1987] . Approximately 10 gm of rock powder (grain size <100 mm) was poured into plastic vials. Each sample vial was inserted into a closed-end coaxial well-type High Purity Germanium (HP-Ge) detector manufactured by CANBERRA that is assembled inside a protective lead and copper shield.
[85] The resolution of this low-energy HP-Ge detector is <3.0 keVat 1.33 MeV and <2.0 keVat 122 keV with $40% relative efficiency. The outer diameter and length of the detector are 65mm each while the diameter and depth of the well are 33 mm and 48 mm, respectively. The well-type detector geometry provides high efficiency for small samples because the sample is virtually surrounded by active detector material on all sides except the top. Germanium detectors are cooled with liquid nitrogen, which has a temperature of 77 K, to prevent thermal generation of charge carriers as well as to protect the detector surfaces from moisture and other contaminants.
[86] Cosmic radiation, mostly muons and neutrons, are the main contributors to germanium detector's background [Heusser, 1995] . The cosmic radiation interacts with the lead shielding to produce the spectral baseline seen in the germanium gamma spectrum. This Canberra detector uses a single large fast plastic scintillation shield (80 cm Â 80 cm Â 5 cm, Bicron BC408 Newbury, Ohio, www. bicron.com) above the gamma detector. The signal from the fast plastic scintillator must be delayed to match the signal from the germanium crystal. Then an appropriate timing window must be experimentally determined which is long enough to veto the errant signal but not so long as to increase the dead time of the detector. An approximate improvement (reduction of background) of 35% is shown between 30 -1200 keV with no noticeable increase in dead time.
[87] In an effort to reduce the Radon daughter background component from the ambient lab air, the detector operates with a Plexiglas glove box enclosure around the lead shielding in a positive pressure nitrogen atmosphere. It has airtight side chambers to introduce and remove samples without opening the whole system to ambient air. The 2 liters of LN 2 which boil off from the dewar produces more than 1400 Liters of pure nitrogen gas daily. This nitrogen gas is captured at the top of the dewar and ducted into the Plexiglas box. There are two gloves for manipulating the shield door, changing samples and moving racks of samples in and out of the antechambers. With the use of a N 2 radon reduction box, a small but noticeable reduction in the background is observed.
[88] The HP-Ge detector can measure gamma rays in the approximate range of 40 -11,000 keV although the efficiency of the detector is linear only up to $100 keV. For higher energy gamma rays, a correction is applied for detector sensitivity. For our study, gamma rays in the range of 40-950 keV were measured. A self-absorption correction, taking into account differences in density and chemical compositions of the rock powders is also routinely applied. This correction is only significant for the low-energy gamma rays, such as the 46.5 keV peak of 210 Pb (maximum 20%). For the other peaks of interest above 300 keV, the self-absorption correction is negligible.
[89] The activity of 226 Ra is determined through four different gamma rays: 186.0 keV of 226 . Briefly, 209 Po spike solution calibrated against a ( 210 Po) value of 7.95 dpm/g for TML (Table Mountain Latite) was added to $2 grams of sample. The samples were then digested in a 2:1 mixture of concentrated HF and HNO 3 and brought into solution in 1 N HCl with a small amount of boric acid. This solution was run through a single anion exchange column to assure clean plating. Yields through chemistry generally exceed 90%. Po is autoplated on Ag disks in 150 ml of warm 0.5 N HCl with about 20 mg of ascorbic acid solute for 8-10 hours. Samples were counted on an alpha spectrometer for about one week. For the ALIA 101-01 whole rock initial ( 210 Po) and ( 210 Pb) values and errors for samples were calculated by exponential regressions through three analyses of single whole-rock powders employing a half-life for 210 Po of 138.4 days [Holden, 1990] . For the rest of the samples, ( 
